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A WIND-TUNNEL STUDY O F  GROUND-WIND LOADS ON LAUNCH 

VEHICLES I N C L U D I N G  THE EFFECTS OF CONDUITS 

AND ADJACENT STRUCTURES 

By George B .  McCullough and W i l l i a m  J .  Steinmetz 
Ames Research Center 

SUMMARY 

Steady ground winds were s imulated a t  Reynolds numbers up t o  5-1/2 m i l l i o n  
based on t h e  diameter of t h e  upper s t a g e .  Measurements were made of t h e  
dynamic and s t eady- s t a t e  bending moments. 

It w a s  found t h a t  c i r c u l a r  condui ts  near  t h e  upstream s tagnat ion  l i n e  
produced l a r g e  dynamic response ,  whereas condui t s  on t h e  l a t e r a l  meridians 
tended t o  n u l l i f y  t h e  adverse e f f e c t  of an upstream condui t .  F a i r i n g  an 
upstream c i r c u l a r  condui t  t o  t h e  veh ic l e  with generous f i l l e t s  a l s o  reduced i t s  
adverse e f f e c t .  

A r ec t angu la r  umbi l ica l  m a s t  d i r e c t l y  upstream of a model produced a 
v i o l e n t  s inuso ida l  response of nea r ly  constant  amplitude.  The magnitude of t h e  
response w a s  reduced by inc reas ing  t h e  spacing between t h e  m a s t  and t h e  v e h i c l e  
or by t h e  add i t ion  of a p l a t e  t o  t h e  upper po r t ion  of t h e  m a s t  which e f f ec -  
t i v e l y  increased  t h e  width of t h e  wake of t h e  m a s t .  

Se lec ted  d a t a  from t e s t s  of  models of s e v e r a l  s p e c i f i c  veh ic l e s  are shown 
t o  i l l u s t r a t e  t h e  t r e n d s  revea led  by t h e  t e s t s  of t h e  s impl i f i ed  models. The 
e f f e c t s  observed wi th  t h e  s impl i f i ed  models a r e ,  i n  most ca ses ,  l e s s  pronounced 
f o r  t h e  more r e a l i s t i c  s p e c i f i c  v e h i c l e s .  

A b r i e f  s t a t i s t i c a l  i n v e s t i g a t i o n  of s eve ra l  s e l e c t e d  v i b r a t i o n  records  
suggested t h a t  t h e  l a t e r a l  dynamic response can be cha rac t e r i zed  as t h e  sum of 
a s i n e  wave p lus  a narrow-band gaussian no i se .  It w a s  i nd ica t ed  t h a t  t h e  l a t -  
e r a l  unsteady f o r c e s  con ta in  a damping component and a r e  t h u s  coupled t o  model 
mot ion .  

INTRODUCTION 

The response of launch v e h i c l e s  s tanding  on t h e  launch pad t o  n a t u r a l  wind 
e x c i t a t i o n  has been a ma t t e r  of growing concern t o  engineers  i n  recent  y e a r s .  
Due t o  t h e  l a c k  of fundamental understanding of  t h e  aerodynamics of b l u f f  
bodies ,  it has not  been p o s s i b l e  t o  p r e d i c t  accu ra t e ly  t h e  response of a vehi-  
c l e  t o  ground winds. Even wind-tunnel t e s t s  provide incomplete informat ion ,  
s i n c e  a s teady  r a t h e r  t han  a t u r b u l e n t  wind environment i s  s imulated.  I n  addi- 
t i o n ,  t h e  c a p a b i l i t y  of present  day wind tunne l s  t o  d u p l i c a t e  f u l l - s c a l e  



Reynolds numbers f o r  t h e  proposed large-diameter  v e h i c l e s  of t h e  f u t u r e  i s  
l i m i t e d .  Hence, t h e  demand f o r  adequate  design c r i t e r i a  has prompted a surge  
of i n v e s t i g a t i o n s  i n t o  t h e  phenomenon of ground-wind induced o s c i l l a t i o n s  of  
launch v e h i c l e s .  

I n  1958, Fung w a s  t h e  f irst  t o  r e p o r t  measurements of t h e  unsteady f o r c e s  
on a c i r c u l a r  cy l inde r  a t  s u p e r c r i t i c a l  Reynolds numbers ( r e f .  l)j i n  add i t ion ,  
he obtained d a t a  f o r  t h e  same cy l inde r  sub jec t ed  t o  forced  o s c i l l a t i o n s  of var- 
ious  amplitudes ( r e f .  2 ) .  Fung's r e s u l t s  i n d i c a t e d  t h a t  t h e  unsteady fo rces  
induced on a c i r c u l a r  cy l inde r  a t  s u p e r c r i t i c a l  Reynolds numbers are random 
r a t h e r  t han  pe r iod ic  as i n  t h e  case  of s u b c r i t i c a l  Reynolds numbers. 

The r e s u l t s  of  r e fe rence  3 r ep resen t  an ex tens ion  of  Fung's work i n  t h a t  
p re s su res  a t  s e v e r a l  s t a t i o n s  along a c a n t i l e v e r e d  c i r c u l a r  cy l inde r  were mea- 
sured.  The in f luence  of t i p  shape on t h e  aerodynamic f o r c e s  a c t i n g  on a cy l in-  
der  i s  considered i n  r e fe rences  4 and 5 .  
c o r r e l a t i o n  of t h e  f l u c t u a t i n g  p res su res  a c t i n g  on t h e  models, which r e v e a l s  
t h e  three-dimensional cha rac t e r  of t h e  f low,  i s  presented  i n  a l l  t h r e e  refer- 
ences.  I n  a d d i t i o n  t o  p re sen t ing  measured p res su re  d a t a ,  Bohne ( r e f .  5 )  
developed an a n a l y t i c a l  method of p r e d i c t i n g  ground-wind response.  

Information regard ing  t h e  a x i a l  

The e f f e c t s  of model geometry (nose shape, f i neness  r a t i o ,  and s tage-  
diameter r a t i o )  and s t r u c t u r a l  p r o p e r t i e s  (damping, s t i f f n e s s ,  and mass) on t h e  
response of  launch veh ic l e s  were s tud ied  s y s t e m a t i c a l l y  i n  r e fe rence  6.  
method and t h e  a i m s  of t h e  i n v e s t i g a t i o n  d i f f e r e d  somewhat from t h e  s t u d i e s  
mentioned above. An attempt w a s  made t o  d e f i n e  t h e  response of  launch v e h i c l e s  
t o  a s teady  ground wind. To accomplish t h i s  g o a l ,  t h e  model response r a t h e r  
t han  t h e  aerodynamic input  w a s  t h e  p r i n c i p a l  q u a n t i t y  analyzed (al though some 
p res su re  measurements a r e  presented  and d i s c u s s e d ) .  
dynamic response i n  t h e  wind d i r e c t i o n  w a s  s m a l l ,  bu t  t h e  l a t e ra l  dynamic 
response v a r i e d  g r e a t l y  i n  magnitude wi th  model geometry and wind speed. Large 
la teral  responses ,  i n  some ins t ances ,  were a t t r i b u t e d  t o  nose shapes of medium 
b lun tness ,  such as hemispheres o r  shal low cones,  e s p e c i a l l y  those  with rough- 
ness  on t h e  upper s t a g e .  In  a d d i t i o n ,  a l i m i t e d  i n v e s t i g a t i o n  of t h e  e f f e c t s  
of condui ts  i nd ica t ed  t h a t  protuberances can induce l a r g e  l a t e r a l  o s c i l l a t i o n s .  

The 

It w a s  found t h a t  t h e  

The present  i n v e s t i g a t i o n  i s  a s tudy  of t h e  e f f e c t s  of condui t s  and 
umbi l ica l  towers on t h e  response of launch v e h i c l e s  and, hence,  r ep resen t s  an 
ex tens ion  of t h e  work of r e fe rence  6 .  The bulk  of t h e  d a t a  w a s  obtained from 
two simple axisymmetric models. Most of t h e  condui t -e f fec t  d a t a  w e r e  obtained 
from a model with an upper s t a g e  diameter equal  t o  one-half t h e  lower s t a g e  
diameter.  Tubular condui t s  were added t o  t h e  upper s t a g e  of t h i s  model i n  
arrangements of one,  two, t h r e e ,  and four  condui t s .  Most of t h e  tower-effect  
d a t a  were obtained f o r  a constant-diameter model u t i l i z i n g  two towers of d i f -  
f e r e n t  design.  Circumstances prevented an a l l - i n c l u s i v e  i n v e s t i g a t i o n  of tower 
e f f e c t s ,  and t h e  quan t i ty  of d a t a  i s  l i m i t e d ,  but  it i s  be l ieved  t h a t  important 
tower e f f e c t s  were revea led .  It should be poin ted  out  t h a t  s i n c e  only model 
response w a s  measured, only gross  c h a r a c t e r i s t i c s  of t h e  aerodynamic e x c i t i n g  
fo rces  can be deduced. 

I n  add i t ion  t o  t h e  r e s u l t s  obtained from t h e  sys temat ic  i n v e s t i g a t i o n  of  
t h e  two simple models, d a t a  f o r  s e v e r a l  s p e c i f i c  launch v e h i c l e s  a r e  presented  
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to illustrate or clarify trends. The data for these "realistic" vehicles are 
intended to put the basic model results into proper perspective. 

Since an analysis of random data is not complete without some considera- 
tion of statistics, the statistical characteristics of the response of the 
simple models are discussed briefly in the text. 

The investigation was conducted in the Ames 12-Foot Pressure Wind Tunnel. 
Reynolds numbers, based on the diameter of the upper stage, up to 5-1/2 million 
were attained. 

NOTAT ION 
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The models of this investigation represent vehicles that are standing 
vertically on the launch pad prior to firing. The wind vector is perpendicular 
to the model axis of symmetry. To an observer looking upwind, positive lateral 
and dragwise bending-moment vectors (right-hand screw rule) are forward and to 
the right, respectively. The moment center is the intersection of the tunnel 

fairing and the model axis of symmetry as shown in figure 1. 

frontal area of model exposed to wind, sq ft 

steady-state lateral bending-moment coefficient, 
mean lateral bending moment 

qAYA 
(Ml)max N r / ~  
9AL c1 fD dynamic lateral bending-moment coefficient, 

modified dynamic lateral bending-moment coefficient, 
[ (MI )rlmax Nr 

9AL fD 

steady-state dragwise bending-moment coefficient , 
mean dragwise bending moment 

qAYA 

(Mm)max Nr /z m fD dynamic dragwise bending-moment coefficient, 
9AL 

diameter of upper stage, ft 

frequency of fundamental bending mode in lateral plane, cps 

./= 
"sine" parameter, 

length of model exposed to wind, ft 
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L M generalized mass for fundamental bending mode, Io $21n dy, slugs 
MI dynamic lateral bending-moment response, ft-lb 

( M ~  'max maximum dynamic lateral bending moment measured during data 
sample, ft-lb 

(MI l p  periodic (sinusoidal) component of dynamic lateral bending-moment 
response, f't-lb 

peak amplitude of dynamic lateral bending-moment response, ft-lb 

random (gaussian) component of dynamic lateral bending-moment 
response, ft-lb 

'peak 

(MI Ir 

maximum dynamic lateral bending moment measured during data 
sample, random component, ft-lb 

dynamic dragwise bending-moment response, ft-lb 

naximum dynamic dragwise bending moment measured during data 
sample, ft-lb 

Mm 

( Mm 'max 

m mass per unit length, slugs/ft 

1: $2m d(y/L) 

1; $m(y/L)d(y/L) 
N structural parameter, 

P 

9 

R 

r 

frequency distribution or probability distribution 

free-stream dynamic pressure, psf 

free-stream Reynolds number, - P VD 
u 

1 

1; $(x/L)d(y/L) 
generalized fineness ratio, 

t time, see 

v free-stream velocity, fps 

X diameter at arbitrary model station, ft 

Y distance from moment center to arbitrary model station, ft 

distance from moment center to center of area, ft YA 



r a t i o  of damping t o  c r i t i c a l  damping f o r  l a t e ra l  fundamental bending 
mode 

r a t i o  of  damping t o  c r i t i c a l  damping f o r  dragwise fundamental bending 
mode 

free-stream v i s c o s i t y ,  s l u g s / f t  sec  

normal coord ina te  of fundamental bending mode, t i p  d e f l e c t i o n ,  ft 

f ree-s t ream d e n s i t y ,  s lugs /cu  ft 

normalized mode shape of fundamental bending mode 

c i r c u l a r  frequency of fundamental bending mode i n  l a t e r a l  p l ane ,  2nf ,  
rad ians /sec  

1 T  mean, - I ( ) d t  T o  

f i r s t  d e r i v a t i v e  wi th  r e spec t  t o  t ime ,  t 

second d e r i v a t i v e  wi th  r e spec t  t o  t i m e ,  t 

MODELS 

The models, suppl ied  by General Dynamics/Astronautics, San Diego, 
C a l i f o r n i a ,  were made i n  c i r c u l a r  t u b u l a r  s e c t i o n s  of aluminum a l i o y .  The sec- 
t i o n s  were f langed i n t e r n a l l y  and b o l t e d  t o g e t h e r  wi th  s t ee l  b o l t s  i n  t e n s i o n .  
I n t e r n a l  s t e e l  weights ,  screwed and clamped i n  p l a c e ,  s imulated a r e a l i s t i c  
m a s s  d i s t r i b u t i o n .  A l l  models used t h e  same bottom or f i r s t - s t a g e  s e c t i o n  
which w a s  secured t o  a spool-shaped support  pedes t a l  wi th  a Marman clamp. The 
p e d e s t a l  w a s  bo l t ed  t o  a 4-inch-thick s t e e l  base p l a t e  which, i n  t u r n ,  w a s  
bo l t ed  t o  t h e  wind-tunnel s t r u c t u r e .  When t h e  clamp w a s  loosened,  t h e  model 
could be r o t a t e d  t o  any des i r ed  o r i e n t a t i o n  with r e spec t  t o  t h e  wind. 

The heavy s tee l  base p l a t e  and t h e  lower po r t ion  of t h e  support  p e d e s t a l  
were covered by a f a i r i n g  or fa lse  f l o o r  t o  a he ight  of 3-1/2 inches .  The 
upper po r t ion  of t h e  p e d e s t a l  and t h e  clamp w a s  exposed t o  t h e  windstream. 
This  w a s  not considered a s i g n i f i c a n t  disadvantage,  however, because of t h e  
sho r t  moment a r m  of t h e  exposed a r e a .  

The two "s impl i f ied"  models w i l l  be  r e f e r r e d  t o  as t h e  "two-diameter" 
model and t h e  "constant-diameter" model. The two-diameter model necked down 
t o  an upper-stage diameter one-half t h a t  of t h e  f i r s t  s t a g e ,  whereas t h e  
constant-diameter model w a s  of  s u b s t a n t i a l l y  cons tan t  diameter throughout i t s  
l e n g t h .  Both of t h e s e  models were der ived  from models of s p e c i f i c  v e h i c l e s  by 
removing a l l  su r face  protuberances,  f i l l i n g  screw h o l e s ,  and po l i sh ing  and 
bu f f ing  t h e  sur face  so t h a t  t h e  model components w e r e  e s s e n t i a l l y  smooth 
c i r c u l a r  cy l inde r s  wi th  con ica l  noses .  Most of t h e  t e s t s  wi th  t h e  
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constant-diameter model w e r e  made wi th  a r t i f i c i a l  roughness c o n s i s t i n g  of 16  
v e r t i c a l  s t r i p s  of 0.003-inch-thick by 1/2-inch-wide c e l l u l o s e  t a p e  app l i ed  t o  
t h e  model i n  a s taggered  arrangement. The s taggered  t a p e s  w e r e  thought t o  be 
conducive t o  a random aerodynamic e x c i t a t i o n ,  uncor re l a t ed  along t h e  po r t ion  of 
t h e  model covered wi th  t a p e .  Sketches of  t h e  two s i m p l i f i e d  models a r e  shown 
i n  f i g u r e  1 and photographs i n  f i g u r e  2 .  

The condui ts  used i n  conjunct ion wi th  t h e  s i m p l i f i e d  models w e r e  c i r c u l a r  
rods, 1/4 inch  i n  diameter ,  a t t ached  t o  t h e  o u t e r  su r f ace  of t h e  model with 
f la t -head  machine screws as shown i n  f i g u r e  2 .  ( A  few t e s t s  were made with an 
upstream conduit  he ld  away from t h e  su r face  wi th  space r s ;  wi th  a " fa i r ed"  con- 
d u i t ;  and, with a 1/8-inch-diameter c o n d u i t . )  

I n  add i t ion  t o  t e s t s  of t h e  i s o l a t e d  models, t e s t s  were made i n  conjunc- 
t i o n  with two d i f f e r e n t  umbi l ica l  towers .  Dimensioned photographs of t h e  
towers a r e  shown i n  f i g u r e  3. The towers were b o l t e d  t o  t h e  fa lse  f l o o r  and 
guyed t o  t h e  w a l l s  of t h e  wind tunne l  wi th  s t e e l  cab le s  as shown i n  f i g u r e  2(b). 
Although t h e  presence of guy wires  upstream of t h e  model w a s  not  d e s i r a b l e ,  it 
i s  be l ieved  t h a t  t hey  had only a s m a l l  e f f e c t  on t h e  response of t h e  models 
because t e s t s  of t h e  same model-tower conf igu ra t ion  wi th  d i f f e r e n t  guy wire  
arrangements showed no d i s c e r n i b l e  e f f e c t  of t h e  wires .  Sketches of t h e  geo- 
met r ic  r e l a t i o n s h i p  of t h e  towers t o  t h e  models i n  p l an  view and t h e  wind 
d i r e c t i o n  s ign  convention are shown i n  f i g u r e  4. 

The s p e c i f i c  v e h i c l e s  f o r  which d a t a  are shown w i l l  be  r e f e r r e d  t o  as 
models A ,  B ,  C ,  D ,  and E.  Sketches a r e  shown i n  f i g u r e  5 and photographs i n  
f i g u r e  6 .  
diameter model were made incorpora t ing  t h e  v e r t i c a l  s t i f f e n e r s  t h a t  covered t h e  
cen te r  s e c t i o n  of model A ( f i g .  6 ( a ) ) .  

It might be noted t h a t  a f e w  t es t s  of  t h e  s i m p l i f i e d  cons tan t -  

The index mark noted i n  f i g u r e  5 ( b )  r e p r e s e n t s  a r e fe rence  mark at t h e  
base of t h e  model. I t s  purpose i s  t o  d e l i n e a t e  t h e  o r i e n t a t i o n  of t h e  model 
with r e spec t  t o  t h e  wind; hence,  t h e  index mark w i l l  be evident  i n  t h e  model 
sketches shown i n  subsequent f i g u r e s .  

INSTRUMENTATION 

The ins t rumenta t ion  cons i s t ed  of fou r  s t ra in-gage  br idges  i n s t a l l e d  i n s i d e  
t h e  pedes t a l  near  t h e  l e v e l  of t h e  t u n n e l  f l o o r .  The gages were arranged i n  
p a i r s  on t h e  streamwise and l a t e r a l  meridians so  as t o  be s e n s i t i v e  t o  stream- 
w i s e  and l a t e r a l  bending. Since t h e  p e d e s t a l s  d i d  not  r o t a t e  wi th  t h e  model, 
t h e  gages were always a l i n e d  or thogonal ly  wi th  r e spec t  t o  t h e  windstream. 

A 20-kc ca r r i e r - ampl i f i e r  u n i t  powered t h e  br idges  and amplif ied t h e  
output  s i g n a l s .  The output  s i g n a l s  were fed  t o  t h r e e  sepa ra t e  record ing  
devices :  a record ing  osc i l l og raph ,  a magnetic t a p e  r eco rde r ,  and a d i g i t a l  
readout apparatus  which provided t h e  mean square ,  a r i t hme t i c  mean, and t h e  
maximum f o r  each record .  The c i r c u i t r y  of t h e  d i g i t a l  readout  apparatus  i s  
descr ibed  i n  r e fe rence  6.  
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MEASUREMENTS 

Test  Methods 

The output  s i g n a l s  from t h e  s t r a i n  gages i n  t h e  model-support p e d e s t a l  
cons i s t ed  of a f l u c t u a t i n g  vo l t age  which i n  most ca ses  v a r i e d  randomly i n  
amplitude wi th  an approximately s i n u s o i d a l  wave form. Occasional ly  t h e  s i g n a l  
w a s  o f  nea r ly  cons tan t  amplitude.  The record ing  osc i l l og raph  and magnetic t a p e  
recorder  provided continuous records  of t h e  vo l t age  f o r  l a t e r  a n a l y s i s .  Data 
records  were 1 minute long.  Short  samples of t y p i c a l  records  a r e  shown i n  f i g -  
u re  7 .  Except f o r  rare cases  t h e  predominant response frequency w a s  c l o s e  t o  
t h e  n a t u r a l  f irst-mode bending frequency of t h e  model. 

The manner of making 
va lues  of t unne l  v e l o c i t y  
scopes ind ica t ed  t h a t  t h e  
p l o t s  of t h e  peak l a t e r a l  
anomalies or peaks i n  t h e  
stopped. 

a run w a s  t o  t a k e  d a t a  at success ive ly  increased  
u n t i l  v i s u a l  observa t ion  of t h e  monitoring o s c i l l o -  
design bending moment w a s  being approached. Rough 
bending moment were made during t h e  t e s t  and any 
curve were measured i n  d e t a i l  be fo re  t h e  tunne l  w a s  

T e  s t  Var iab les  

Since t h e  i n v e s t i g a t i o n  w a s  designed t o  reveal t h e  e f f e c t s  of condui t s  and 
umbi l ica l  m a s t s  i n  d i f f e r e n t  o r i e n t a t i o n s ,  model conf igura t ion  and wind d i r ec -  
t i o n  w e r e  t h e  p r i n c i p a l  parameters  of t h e  i n v e s t i g a t i o n .  For each run  Reynolds 
number w a s  a v a r i a b l e .  The r e l a t i o n  between Reynolds number and t u n n e l  veloc- 
i t y  w a s  changed by changing t u n n e l  p re s su re .  Most runs were made wi th  a tunne l  
p re s su re  of 4 . 7  atmospheres ( p  e 0.011), but  a lower p re s su re  w a s  a l s o  employed 
( 0  = 0 . 0 0 7 ) .  
compress ib i l i t y  e f f e c t s .  

The free-s t ream Mach number w a s  l i m i t e d  t o  0.3 t o  avoid major 

Damping w a s  changed by coa t ing  t h e  support  pedes t a l  with a t h i c k  l a y e r  of 
a viscous p a i n t - l i k e  material  designed t o  inc rease  damping. The p e d e s t a l  i n  
f i g u r e  6 ( e )  i s  coated.  

C a1 i b r a t  i ons  

The s t r a i n  gages i n  t h e  support  p e d e s t a l s  were c a l i b r a t e d  by p u l l i n g  on 
t h e  model wi th  known loads .  The mode shapes and s t r u c t u r a l  damping w e r e  de te r -  
mined by shaking t h e  models with an electromagnet ic  shaker i n  t h e  l a t e ra l  and 
streamwise p lanes  wi th  no a i r  flow i n  t h e  wind t u n n e l .  

Mode shape.- The mode shapes of t h e  models w e r e  computed from t h e  output  
of a "rovingr '  accelerometer  temporar i ly  a t t ached  t o  several a x i a l  s t a t i o n s  
along t h e  l eng th  of  t h e  models whi le  t hey  were shaken at cons tan t  amplitude.  
Fundamental mode shapes of  t h e  s i m p l i f i e d  models are shown i n  f i g u r e  8.  

Damping.- The model damping w a s  determined by record ing  t h e  decay of t h e  
bending moment a f te r  t h e  shaker had been mechanically disconnected from t h e  

7 



model. 
i n  t h e  shaker rod f o r  t h i s  purpose.  Damping w a s  measured a t  f requent  i n t e r v a l s  
throughout t h e  i n v e s t i g a t i o n .  Typical  r e s u l t s  are shown i n  f i g u r e  9 .  The max- 
i m u m  va lue  of  damping appropr i a t e  t o  a p a r t i c u l a r  run i s  shown on t h e  d a t a  

A simple bu t  e f f e c t i v e  quick release mechanism had been incorpora ted  

p l o t s  . 

Data Reduction 

The dynamic response d a t a  were reduced t o  t h e  c o e f f i c i e n t  form der ived  i n  
t h e  appendix of re ference  6 ,  t h a t  i s ,  C I , ~  and C,,d 
w i s e  p l anes ,  r e s p e c t i v e l y .  A cons tan t  va lue  of  t h e  c o e f f i c i e n t  r e p r e s e n t s  a 
dynamic bending moment inc reas ing  with V / f D .  For a cons tan t  bending moment, 
t h e  dynamic moment c o e f f i c i e n t  v a r i e s  i n v e r s e l y  wi th  V / f D .  For example, a 
C I  ,d of  20 a t  a V / f D  of 5 may r ep resen t  approximately t h e  same bending 
moment as a C I  ,d of 2 a t  a V / f D  of 30. The c o e f f i c i e n t ,  intended t o  be a 
measure of t h e  o s c i l l a t o r y  aerodynamic input  t o  t h e  models, i s  based on t h e  
geometric and s t r u c t u r a l  p r o p e r t i e s  of  t h e  model and c e r t a i n  assumptions 
regard ing  t h e  na tu re  of t h e  input  f o r c e s .  A s t a t i s t i c a l  a n a l y s i s  of t h e  l a t -  
e ra l  dynamic response i s  contained i n  Resu l t s  and Discussion.  

i n  t h e  la teral  and stream- 

The form of t h e  s t eady- s t a t e  moment c o e f f i c i e n t  i s  convent ional .  The 
d i s t a n c e  from t h e  measuring s t a t i o n  t o  t h e  c e n t e r  of  p ro jec t ed  area w a s  t aken  
as t h e  l eng th  dimension i n  t h e  denominator. Hence, i f  t h e  cen te r  of  p re s su re  
should co inc ide  wi th  t h e  cen te r  of a r e a ,  t h e  s t eady- s t a t e  moment c o e f f i c i e n t  
becomes equiva len t  t o  t h e  corresponding s t eady- s t a t e  f o r c e  c o e f f i c i e n t .  Previ-  
ous experience has shown t h a t  t h i s  i s  f r equen t ly  t h e  case .  

Correc t ions  were app l i ed  t o  t h e  measured dynamic p res su res  t o  account f o r  
t h e  blockage of t h e  models and wakes. I 

RESULTS AND DISCUSSION 

Because the  l a t e r a l  dynamic bending moment i s  t h e  l e a s t  p r e d i c t a b l e  
component of t h e  t o t a l  l oad  experienced by a miss i le  s tanding  on t h e  launch 
pad, most qf t h e  d i scuss ion  presented  he re in  w i l l  be concerned with t h i s  com- 
ponent of t h e  load .  I n  a d d i t i o n ,  s e l e c t e d  s t eady- s t a t e  l a t e r a l  and dragwise 
data w i l l  be  presented .  

The dynamic d a t a  a r e  p l o t t e d  aga ins t  t h e  reduced v e l o c i t y ,  V / f D .  Increas- 
ing  va lues  of V / f D  
because t h e  frequency f and t h e  diameter D are cons tan t  f o r  any one model 
conf igura t ion .  A s c a l e  of Reynolds number, based on t h e  upper s t a g e  diameter ,  
i s  shown along t h e  bottom of t h e  p l o t s .  T h i s  s c a l e  i s  approximate because of 
minor v a r i a t i o n s  i n  t u n n e l  dens i ty .  

r ep resen t  i nc reas ing  wind speed (and Reynolds number) 
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Two-Diameter Model 

B a s e  runs  w e r e  made wi th  t h e  two-diameter model devoid of condui t s ,  
protuberances,  o r  nearby towers  f o r  var ious  wind d i r e c t i o n s  i n  o rde r  t o  v e r i f y  
t h e  symmetry of t h e  model. Data are shown i n  f i g u r e  10 .  The r e s u l t s  are rea-  
sonably cons i s t en t  except f o r  a peak i n  C1,d a t  V / f D  of 1 6  f o r  one o r i en ta -  
t i o n  and a t  V/fD of 42 f o r  another .  These incons i s t enc ie s  are w e l l  beyond 
experimental  e r r o r  and it w i l l  be  shown l a t e r  t h a t  peaks of comparable magni- 
t u d e  can r e s u l t  from an extremely s m a l l  asymmetry. Otherwise t h e  va lue  of 

i s  s u b s t a n t i a l l y  cons tan t  a t  a l i t t l e  g r e a t e r  t han  2 ,  whereas C,,d i s  '1 ,d 
approximately one-quarter of t h i s  va lue .  

It might be noted t h a t  t h e  peak i n  t h e  Oo d a t a  a t  V / f D  of 42 ( r e f e r r e d  
t o  above) i s  ind ica t ed  by arrowheads extending from two d a t a  p o i n t s .  
means i s  u t i l i z e d  throughout t h e  r e p o r t  t o  i n d i c a t e  t h a t  an emergency s t o p  of  
t h e  wind-tunnel d r i v e  system w a s  n e c e s s i t a t e d  by a r a p i d  approach t o  t h e  design 
bending moment. 

This  

Ef fec t  of one conduit  on t h e  dynamic l a t e r a l  bending moment.- Tests were 
made with- one conduit  on t h e  upper s t a g e  of t h e  two-diameter model. 
u re  U ( a )  shows t h e  l a t e r a l  dynamic response obtained f o r  va r ious  wind d i r ec -  
t i o n s  wi th  maximum tunne l  d e n s i t y  ( p  2 0 . 0 1 1 ) .  
peaks (c , , ,  26)  appear i n  t h e  response curve i n  t h e  v i c i n i t y  of V / f D  of 1 6  
and 17 (Reynolds number about 1 . 3  m i l l i o n ) ,  which made it unsafe  t o  proceed t o  
h igher  t u n n e l  speeds.  The o s c i l l a t i o n s  corresponding t o  t h e s e  peaks were of  
nea r ly  cons tan t  amplitude.  With t h e  wind from -50, t h e  l a r g e  peak i s  g r e a t l y  
reduced and occurs  at  a h igher  V / f D .  For s t i l l  g r e a t e r  ang le s ,  only minor 
peaks appear ,  bu t  s i n c e  some of t h e s e  a r e  a t  high V / f D ,  t h e y  r ep resen t  l a r g e  
base  bending moments . 

Fig- 

With t h e  wind from Oo, l a r g e  

O f  s p e c i a l  i n t e r e s t  a r e  t h e  peaks with t h e  wind from -135O and -145'. 
Attempts t o  def ine  t h e s e  peaks by t a k i n g  d a t a  at  a few in te rmedia te  p o i n t s  
r e s u l t e d  i n  a s t i l l  h igher  peak i n  one case  (-135O) , and i n  t h e  disappearance 
of t h e  peak i n  t h e  o the r  case  (-145'). 

Tes t s  were a l s o  made with reduced tunne l  dens i ty  ( p  2 0.007) f o r  four  wind 
d i r e c t i o n s .  
and, hence,  Reynolds number f o r  a given wind speed had t h e  e f f e c t  o f  moving t h e  
peak t o  a higher  va lue  of 
Reynolds number as f o r  t h e  h igher  dens i ty  t e s t s .  
d i r e c t i o n  may have been passed over i n a d v e r t e n t l y . )  

These r e s u l t s  a r e  shown i n  f i g u r e  l l ( b ) .  Reducing t h e  d e n s i t y  

V / f D  corresponding approximately t o  t h e  same 
(The peak f o r  t h e  - 5 O  wind 

With t h e  i n t e n t i o n  of i s o l a t i n g  t h e  flow around t h e  nose from t h e  flow 
around t h e  cy l inde r  d i r e c t l y  beneath i t ,  a few t e s t s  w e r e  made wi th  a horizon- 
t a l  c i r c u l a r  p l a t e  i n s t a l l e d  j u s t  beneath t h e  nose.  
diameter of t h e  upper s t a g e .  T e s t s  w e r e  made wi th  a s i n g l e  condui t  on t h e  
upstream s t agna t ion  l i n e  and 135O from it, r e s p e c t i v e l y .  
wi th  t h e  conduit  f a i r e d  and wi th  increased  model damping. The r e s u l t s  are 
shown i n  f i g u r e  12 .  
h o r i z o n t a l  p l a t e  had no s i g n i f i c a n t  e f f e c t  on t h e  l a te ra l  dynamic response of  
t h e  model wi th  t h e  un fa i r ed  condui t .  

The p l a t e  w a s  tw ice  t h e  

T e s t s  were a l s o  made 

By comparison wi th  f i g u r e  11 it can be seen t h a t  t h e  
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The f a i r e d  condui t  con f igu ra t ion  w a s  achieved by s t r e t c h i n g  2-inch-wide 
c e l l u l o s e  t a p e  over t h e  condui t  wi th  t h e  o u t e r  edges of  t h e  t a p e  adhering t o  
t h e  c y l i n d r i c a l  su r f ace  of t h e  upper s t a g e  t h u s  provid ing  generous f i l l e t s  on 
both s i d e s  of  t h e  condui t .  This  modi f ica t ion  completely removed t h e  l a r g e  
peaks i n  t h e  C I , ~  curve with t h e  condui t  on t h e  s t agna t ion  l i n e .  There w a s  
a s l i g h t  peak which f a i l e d  t o  r epea t  wi th  decreas ing  t u n n e l  speed with t h e  con- 
d u i t  a t  135' t o  t h e  wind. Since t h e  flow s e p a r a t o r  p l a t e  produced no b e n e f i t ,  
whereas t h e  condui t  f a i r i n g  g r e a t l y  reduced t h e  s e v e r i t y  of  t h e  l a t e ra l  o s c i l -  
l a t i o n s ,  it seems evident  t h a t  t h e  aerodynamic e x c i t a t i o n  o r i g i n a t e d  along t h e  
upper s t a g e  and was t r i g g e r e d  by t h e  presence of t h e  c y l i n d r i c a l  condui t .  It 
i s  surmised t h a t  t h e  un fa i r ed  condui t  shed sepa ra t ed  flow i n t o  t h e  main flow 
around t h e  model, t he reby  inducing t h e  aerodynamic e x c i t a t i o n ,  whereas t h e  
f a i r e d  conduit  d i d  n o t .  

A support  p e d e s t a l ,  coated wi th  a damping compound w a s  used t o  inc rease  
model damping from t h e  normal range of 0.004-0.005 t o  approximately 0,010. 
With t h e  lower damping and t h e  un fa i r ed  condui t  on t h e  upstream s t agna t ion  
l i n e ,  l a r g e  amplitude s i n u s o i d a l  o s c i l l a t i o n s  were recorded.  With increased  
damping, t h e  response w a s  r e l a t i v e l y  calm and random. Hence, t h e  ex i s t ence  of 
coupl ing between t h e  model motion and t h e  e x c i t a t i o n  i s  suggested.  T h i s  
phenomenon has been noted previous ly  i n  t h e  l i t e r a t u r e  ( e . g . ,  r e f s .  6 and 7 ) .  

Tes t s  were made wi th  one condui t  on t h e  lower s t a g e  f o r  two wind d i r ec -  
t i o n s .  Resul t s  are shown i n  f i g u r e  13 .  The e f f e c t s  are s i m i l a r  t o  t h o s e  
observed with t h e  condui t  on t h e  upper s t a g e  except t h a t  with t h e  wind from Oo 
t h e  magnitude of t h e  o s c i l l a t i o n s  w a s  reduced and it w a s  p o s s i b l e  t o  proceed 
t o  h igher  wind speeds.  With reduced wind-tunnel d e n s i t y  no s i g n i f i c a n t  peaks 
were observed. 

E f fec t  of smaAl protuberances on t h e  dynamic l a t e r a l  bending moment.- A 
comparison p l o t  showing t h e  e f f e c t  of s u r f a c e  i r r e g u l a r i t i e s  l e s s  prominent 
t han  a 1/4-inch-diameter (0 .06 D) condui t  i s  shown i n  f i g u r e  1 4 .  The smallest 
of t h e s e ,  a 1/2-inch-wide s t r i p  of 0.003-inch-thick c e l l u l o s e  t a p e  on t h e  
upstream s t agna t ion  l i n e ,  produced only  minor peaks i n  t h e  C1,d curve.  A 
1/8-inch-diameter condui t  on t h e  upstream s t a g n a t i o n  l i n e  produced a peak i n  
t h e  response curve at a Reynolds number of about 2 m i l l i o n  f o r  both t h e  high- 
and low-density t e s t s .  A v e r t i c a l  row of  f i v e  equally-spaced round-head 
machine screws (head diameter ,  3/16 inch )  on t h e  upstream s t agna t ion  l i n e  pro- 
duced a peak i n  t h e  response curve a t  a Reynolds number of approximately 1 .8  
m i l l i o n .  
inch-diameter condui t  on t h e  upstream s t agna t ion  l i n e  exh ib i t ed  peaks a t  a 
Reynolds number of about 1 . 3  m i l l i o n  ( f i g .  11). I n  a l l  cases  s tud ied ,  a protu-  
berance on t h e  upstream s t agna t ion  l i n e  induced r e l a t i v e l y  l a r g e  l a t e r a l  o s c i l -  
l a t i o n s  a t  a Reynolds number of approximately 75,000 based on t h e  diameter of  
t h e  d i s t u r b i n g  element. 

It w i l l  be  r e c a l l e d  t h a t  t h e  l a t e r a l  dynamic response with t h e  1 /4 -  

With t h e  wind from -135O, t h e  1/8-inch-diameter conduit  induced a 
mod.erate, nonrepeat ing peak c h a r a c t e r i s t i c  of  condui t s  i n  t h i s  l o c a t i o n .  

E f fec t  o f  two conduits-  on t h e  dynamic later-al--beEd&g- moment .- Tests were 
made wi th  two condui ts-  on t h e  upper stage-of t h e  two-diameter model wi th  two 
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d i f f e r e n t  angular  spacings of t h e  condui t s :  
response d a t a  are shown i n  f i g u r e  1 5 .  
w e r e  found. Even f o r  a wind d i r e c t i o n  of - 4 5 O  which p laced  one conduit  on t h e  
upstream s t agna t ion  l i n e ,  no ex t r ao rd ina ry  o s c i l l a t i o n s  were observed. Appar- 
e n t l y  t h e  presence of  t h e  second condui t  90' from t h e  wind vec to r  n u l l i f i e d  t h e  
adverse e f f e c t  o f  t h e  upstream condui t .  
t h e  0' wind d i r e c t i o n  produced a l a r g e  (and insurmountable) peak. 

90' and 180~. The l a t e ra l  dynamic 
With t h e  90° spac ing ,  no l a r g e  peaks 

With t h e  180' condui t  spacing,  only 

It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  two o r i e n t a t i o n s  which placed one or 
two condui t s  +135O from t h e  forward s t agna t ion  l i n e  produced peaks a t  
r e l a t i v e l y  high va lues  of  V / f D .  

E f fec t  of t h r e e  condui t s  on t h e  dynami-cclateral bending moment. - L a t e r a l  
dynamic response d a t a  f o r  t h e  model wi th  t h r e e  condui t s  a t  90' i n t e r v a l s  are 
shown i n  f i g u r e  16 .  
t h e  d a t a  were t h e  two which placed condui t s  1 3 5 O  from t h e  s t agna t ion  l i n e .  
These peaks were d i f f i c u l t  t o  r e p e a t .  

The only o r i e n t a t i o n s  which produced s i g n i f i c a n t  peaks i n  

Ef fec t  of fou r  condui t s  on t h e  dynamic Lateral bending moment.- 
C h a r a c t e r i s t i c s  of t h e  model wi th  f o u r e - q u a l l y  spaced condui t s  on t h e  upper 
s t a g e  are shown i n  f i g u r e  17. The l a t e r a l  dynamic loads  w e r e  low wi th  t h i s  
conf igura t ion  except wi th  t h e  wind from 4 5 O .  
and + 1 3 5 O  from t h e  forward s t agna t ion  l i n e ,  s e v e r a l  peaks i n  t h e  
a r e  apparent .  

I n  t h i s  c a s e ,  with condui t s  + 4 5 O  
Cl ,d  curve 

From t h e  foregoing r e s u l t s ,  it i s  ev ident  t h a t  a launch veh ic l e  with 
s e v e r a l  e x t e r n a l  condui t s  i s  l e s s  l i k e l y  t o  encounter l a r g e  l a t e r a l  dynamic 
loads  than  a veh ic l e  wi th  j u s t  one condui t .  Arrangements involving condui t s  a t  
oppos i te  meridians i n  a p lane  normal t o  t h e  wind vec to r  a r e  p a r t i c u l a r l y  f r e e  
of o s c i l l a t i o n s .  

E f fec t  of condui t s  on t h e  s t eady- s t a t e  l a t e ra l  bending moment.- The 
v a r i a t i o n  of  t h e  l a t e ra l  s t eady- s t a t e  moment c o e f f i c i e n t  wi th  wind d i r e c t i o n  
f o r  two va lues  of Reynolds number i s  shown i n  f i g u r e  18 f o r  arrangements 
involv ing  one,  two, t h r e e ,  and four  condu i t s .  For t h e  s ingle-condui t  arrange- 
ment t h e  sense of  t h e  l a t e r a l  s t eady- s t a t e  f o r c e  w a s  apparent ly  away from t h e  
s i d e  with t h e  condui t .  For t h e  two-conduit con f igu ra t ions  t h e  d i r e c t i o n  of t h e  
f o r c e  w a s  away from t h e  s i d e  wi th  t h e  forward condui t .  I n  gene ra l ,  a condui t  
near  670 from t h e  forward s t agna t ion  l i n e  has  t h e  l a r g e s t  e f f e c t ,  a condui t  
near  t h e  upstream s t agna t ion  l i n e  has  more in f luence  than  one near  t h e  rear 
s t agna t ion  l i n e ,  and t h e  sense of t h e  l a t e ra l  f o r c e  i s  away from t h e  s i d e  wi th  
t h e  dominant condui t .  

E f fec t  o f  condui t s  on t h e  s t eady- s t a t e  dragwise bending moment.- P l o t s  of 
t h e  dragwise steady--state bending-moment c o e f f i c i e n t  f o r  t h e  b a s i c  model and 
several condui t  arrangements a r e  shown i n  f i g u r e  19 .  A s  might be  expected,  
conf igu ra t ions  wi th  condui t s  +90° from t h e  upstream s t agna t ion  l i n e  a t t a i n e d  
t h e  h ighes t  drag c o e f f i c i e n t  ( C m  2 0 .6 )  and t h e  b a s i c  model exh ib i t ed  t h e  
lowest (Cm 2 0 . 5 ) .  

11 



Effec t  of tower.-  Data from four  runs  made wi th  tower 2 d i r e c t l y  upstream 
of t h e  two-diameter model are shown i n  f i g u r e  20. The tower w a s  p laced  i n  two 
l o c a t i o n s :  t h e  "normal" d i s t a n c e  from t h e  v e h i c l e  and tw ice  t h e  normal d i s -  
t a n c e  ( f i g .  4 ) .  I n  both  l o c a t i o n s  t h e  tower .was  t e s t e d  wi th  and without a 
' f f ix ,"  which cons i s t ed  of a f l a t  p l a t e  2.62 D wide by 0.22 L long l o c a t e d  on 
t h e  upstream f a c e  of t h e  tower and f l u s h  wi th  t h e  t o p  of t h e  tower.  The tower 
induced a l a r g e  peak i n  C l Y d  at a V / f D  o f  13.  Moving t h e  tower upstream 
reduced t h e  magnitude of t h e  peak and moved t h e  peak t o  a The 
a d d i t i o n  of t h e  p l a t e  reduced t h e  magnitude of t h e  peak, e s p e c i a l l y  wi th  t h e  
tower i n  i t s  normal p o s i t i o n ,  and induced another  peak a t  a h igher  V / f D .  It 
might be noted he re  t h a t  t h e  cha rac t e r  of  t h e  model response wi th  tower 2 
d i r e c t l y  upstream w a s  somewhat unusual ;  t h a t  i s ,  a t  t h e  V / f D  a t  which Cl ,d  
peaked, t h e  model response w a s  approximately s i n u s o i d a l .  For V / f D  va lues  sur -  
rounding t h e  c r i t i c a l  va lue ,  t h e  model response exh ib i t ed  a bea t  frequency 
approximately equal  t o  t h e  d i f f e rence  between model frequency and t h e  vo r t ex  
shedding frequency of t h e  tower.  
frequency i s  d i r e c t l y  p ropor t iona l  t o  t h e  wind speed,  V ,  and inve r se ly  propor- 
t i o n a l  t o  t h e  tower width and t h a t  t h e  shedding frequency and model n a t u r a l  
frequency co inc ide  a t  t h e  V / f D  a t  which Cl ,d  i s  maximum. The bea t ing  char- 
a c t e r i s t i c  of t h e  response w a s  not p e c u l i a r  t o  t h e  two-diameter model bu t  w a s  
observed when tower 2 w a s  d i r e c t l y  upstream of any model. 

V / f D  of 15 .  

It w a s  assumed t h a t ' t h e  tower vor tex  shedding 

Tower 2 upstream of t h e  two-diameter model induced no apprec iab le  s teady-  
s t a t e  l a t e r a l  moments but  caused a dragwise s t eady- s t a t e  moment c o e f f i c i e n t  of 
approximately -0.1. 

Const an t  -Diamet e r  Model 

It w a s  hoped t h a t  t h e  constant-diameter  model would e x h i b i t  a f l a t  dynamic 
response,  and the reby  provide a good base  aga ins t  which t o  a s s e s s  t h e  e f f e c t s  
of nearby towers .  Such proved not t o  be t h e  case  as can be seen i n  f i g u r e  21. 
Data f o r  t h e  b a s i c  model wi th  t h e  l o n g i t u d i n a l  s t i f f e n e r s  a r e  cha rac t e r i zed  by 
a peak i n  Cl ,d  a t  a V / f D  of 8 f o r  bo th  t u n n e l  d e n s i t i e s .  Attempts t o  elim- 
i n a t e  t h e  peak by t h e  a d d i t i o n  of  roughness t o  t h e  nose and upper s t a g e  proved 
f r u i t l e s s ,  bu t  t a p e  on t h e  nose d i d  reduce t h e  peak somewhat, i n d i c a t i n g  t h a t  
t h e  nose w a s  a major source of t h e  e x c i t a t i o n .  

Another a t tempt  w a s  made t o  e l imina te  t h e  peak by machining o f f  t h e  
l o n g i t u d i n a l  s t i f f e n e r s  and br inging  t h e  c r o s s  s e c t i o n  of t h e  model t o  a t r u e  
c i r c u l a r  s e c t i o n  wi th  a su r face  f i n i s h  comparable t o  t h a t  of t h e  two-diameter 
model. That t h e  r e s u l t s  were d isappoin t ing  i s  ev ident  i n  f i g u r e  22. A very  
high peak i n  t h e  l a t e r a l  o s c i l l a t i o n s  w a s  encountered a t  a V / f D  of 8.  

S t i l l  another  a t tempt  w a s  made t o  e l imina te  l a r g e  peaks i n  t h e  l a t e r a l  
response curve of t h e  constant-diameter model by t h e  add i t ion  of su r face  rough- 
ness  i n  t h e  form of s taggered t a p e s  as descr ibed  i n  Models. Figure 23 shows 
t h a t  t h e  response w a s  g r e a t e r  t han  w a s  t h e  case  wi th  t h e  i n t e g r a l  s t i f f e n e r s  on 
t h e  upper s t a g e  ( f i g .  2 1 ) .  It may be noted t h a t  t h e  add i t ion  of a c i r c u l a r  
p l a t e ,  tw ice  t h e  diameter of t h e  model, j u s t  beneath t h e  nose,  g r e a t l y  reduced 
t h e  o s c i l l a t o r y  response as i s  shown i n  f i g u r e  23. A similar e f f e c t  i s  
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r epor t ed  i n  r e fe rence  6 ,  and i n d i c a t e s  t h a t  t h e r e  w a s  an i n t e r a c t i o n  between 
t h e  flow f i e l d  around t h e  nose and t h a t  around t h e  c y l i n d r i c a l  body. 

Because of t i m e  l i m i t a t i o n s ,  it w a s  decided t o  conduct t h e  remainder o f  
t h e  i n v e s t i g a t i o n  u t i l i z i n g  t h e  roughened model. 
c a l l e d  t o  t h e  s taggered  roughness t a p e s  adopted as p a r t  of t h e  s tandard  
constant-diameter model conf igu ra t ion .  

A t t en t ion  w i l l  no longer  be 

Ef fec t  of condui t s  o_n t h e  dynamic l a t e r a l  bending moment. - A f e w  t es t s  
were made wi th  conduits- a p p l i e d  t o  t h e  upper po r t ion  of t h e  constant-diameter 
model. 
dynamic l a t e r a l  bending-moment c o e f f i c i e n t  reaches a va lue  of 34.5, w e l l  above 
t h e  21  recorded f o r  t h e  b a s i c  model ( f i g .  2 3 ) .  Two condui t s  290' from t h e  wind 
were e f f e c t i v e  i n  reducing t h e  peak response below t h a t  o f  t h e  bas i c  model. 
Adding spacers  under t h e  s i n g l e  upstream condui t  provided a gap of  0.087 inch  
between t h e  conduit  and t h e  model g r e a t l y  reduced t h e  response.  It should be  
noted t h a t  a l though a condui t  on t h e  upstream s t agna t ion  l i n e  has been shown t o  
a f f e c t  t h e  dynamic l a t e r a l  response of both t h e  constant-diameter model and t h e  
two-diameter model, t h e  in f luence  of t h e  nose a r e a  of t h e  b a s i c  cons tan t -  
diameter model has been shown t o  be s i g n i f i c a n t ;  whereas f o r  t h e  two-diameter 
model, t h e  e x c i t a t i o n  w a s  shown t o  be independent of t h e  nose reg ion .  

Resu l t s  are shown i n  f i g u r e  24. With a s i n g l e  condui t  upstream, t h e  

Ef fec t  of towers  on t h e  dynamic l a t e r a l  bending moment.- The e f f e c t  o f  
tower 1 on t h e  l a t e ra l  dynamic response of  t h e  constant-diameter model w a s  
explored and d a t a  are presented  i n  f i g u r e s  25, 26,  and 27. For t h e  b a s i c  model 
( f i g .  25) t h e  tower had l i t t l e  e f f e c t  except f o r  a wind d i r e c t i o n  of -22%'. I n  
t h i s  o r i e n t a t i o n ,  t h e  tower " a r m "  w a s  d i r e c t l y  upstream of t h e  model and t h e  
l a r g e  response peaks were g r e a t l y  reduced. It i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  
t h e r e  may be some s i m i l a r i t y  between t h i s  tower e f f e c t  and t h e  e f f e c t  o f  a con- 
d u i t  with spacers  on t h e  upstream s t agna t ion  l i n e  ( f i g .  2 4 ) .  The low-density 
runs f o r  a l l  wind d i r e c t i o n s  show a peak i n  t h e  Cl ,d  curve a t  a V/fD of 16  
which d i d  not appear i n  t h e  t es t s  of  t h e  b a s i c  model without t h e  tower 
( f i g .  2 3 ) .  

With two condui t s  on t h e  upper s t a g e  i n  a p lane  normal t o  t h e  wind 
( f i g .  26) t h e r e  were no s i g n i f i c a n t  peaks i n  t h e  response curves.  With one 
condui t  on t h e  upstream s t agna t ion  l i n e  and tower 1 d i r e c t l y  upstream ( f i g .  27) 
t h e  o s c i l l a t i o n s  were g r e a t l y  reduced below those  experienced by t h e  model 
without t h e  tower ( f i g .  2 4 ) .  This  r e s u l t  i s  inexp l i cab ly  i n  sharp c o n t r a s t  t o  
t h e  e f f e c t  of tower 1 on t h e  b a s i c  model ( f i g s .  23 and 2 5 ( a ) ) .  

Severa l  runs were made u t i l i z i n g  tower 2 i n  conjunct ion wi th  t h e  constant-  
diameter model. 
b a s i c  model and t h e  model wi th  two condui t s  490' from t h e  wind. I n  both  cases  
a l a r g e  peak i n  t h e  Cl?d  curve a t  a V/fD of 6 i s  apparent .  Since t h e  
response of t h e  model wi th  condui t s  on oppos i te  meridians without  t h e  tower 
( f i g .  24) w a s  r e l a t i v e l y  low, t h e  l a r g e  response experienced wi th  tower 2 i s  
obviously an e f f e c t  o f  t h e  tower.  The d a t a  presented  for t h e  two-diameter 
model ( f i g .  20) and t h e  d a t a  shown i n  f i g u r e  28 v e r i f y  t h a t  tower 2 ,  when 
d i r e c t l y  upstream of a model, induced l a r g e  e x c i t a t i o n  a t  a reduced v e l o c i t y  
of 10  based on t h e  tower width.  

F igure  28 p resen t s  d a t a  f o r  tower 2 d i r e c t l y  upstream of t h e  
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Effec t  of tower on t h e  s t eady- s t a t e  bending moments. - Steady-s ta te  d a t a  
f o r  t h e  b a s i c  model and t h e  model with two c o n d u i t s  +goo from t h e  upstream 
s t agna t ion  l i n e ,  each i n  conjunct ion wi th  tower 1, are i l l u s t r a t e d  i n  f i g u r e  29. 
The e f f e c t  of t h e  tower d i r e c t l y  upstream of  t h e  model i s  t o  decrease t h e  drag- 
w i s e  bending moment and t o  e x e r t  p ropor t iona te ly  less in f luence  as t h e  wind 
vec to r  r o t a t e s  t o  90' from t h e  tower.  The e f f e c t  of tower 1 on t h e  steady- 
state l a t e r a l  moment i s  a l s o  q u i t e  c l e a r .  
450 from t h e  wind v e c t o r ,  t h e  la teral  f o r c e  i s  i n  t h e  d i r e c t i o n  toward t h e  
tower;  wi th  t h e  wind vec to r  45°-900 t o  t h e  tower,  t h e  sense of t h e  l a te ra l  
fo rce  i s  away from t h e  tower.  

When t h e  tower i s  i n  t h e  range 0'- 

Models of Spec i f i c  Vehicles  

The d a t a  presented  i n  t h e  foregoing s e c t i o n s  have def ined  t h e  inf luence  of  
condui t s  and ad jacent  umbi l ica l  masts or towers  i n  conjunct ion with t h e  two- 
diameter model and t h e  constant-diameter model. I n  a d d i t i o n  t o  t h e  above, how- 
eve r ,  t h e r e  i s  a l a r g e  body of d a t a  from t e s t s  of s p e c i f i c  launch v e h i c l e s  
( r e f .  8 )  which w i l l  be  drawn upon t o  i l l u s t r a t e  t h e  t r e n d s  discussed previously.  
These d a t a  w i l l  pu t  r e a l i s t i c  bounds on t h e  r e s u l t s  ob ta ined  f o r  t h e  s i m p l i f i e d  
models. 

E f fec t  of condui t s . -  Figure 30 i l l u s t r a t e s  condui t  e f f e c t s  i n  connection 
0 with Model C .  This  model had two e x t e r n a l  condui t s  spaced 90 . One w a s  a 

c y l i n d r i c a l  condui t  and t h e  o t h e r  f a i r e d .  
c y l i n d r i c a l  conduit  a t  or near  t h e  upstream s t agna t ion  l i n e  or 135' from t h e  
s t agna t ion  l i n e  t h e r e  were peaks i n  t h e  response curves .  For o t h e r  o r i e n t a -  
t i o n s ,  even t h e  one which placed t h e  f a i r e d  condui t  a t  t h e  upstream s t agna t ion  
l i n e ,  t h e  response curves were f l a t .  

For wind d i r e c t i o n s  which p laced  t h e  

Figure 31 shows the  e f f e c t  of damping on t h e  l a te ra l  dynamic response of  
Model A .  The model response i n  t h i s  o r i e n t a t i o n  w a s  g r e a t e r  t han  f o r  any o t h e r  
wind d i r e c t i o n  and w a s  probably due t o  t h e  presence of a c y l i n d r i c a l  conduit  on 
t h e  lower s t a g e  i n  t h e  upstream p o s i t i o n .  The adverse e f f e c t  of t h e  upstream 
condui t  w a s  not e l imina ted  by t h e  presence of t h e  f a i r e d  conduit  a t  goo .  
t he  lowest va lue  of damping, t h e  response w a s  n e a r l y  s i n u s o i d a l  and v i o l e n t .  
A s  t h e  damping w a s  increased  t h e  response became less  v i o l e n t  and more random 
i n  na tu re .  It w i l l  be  r e c a l l e d  t h a t  a similar e f f e c t  w a s  noted i n  connection 
wi th  t h e  s i m p l i f i e d  two-diameter model (see f i g .  1 2 ) .  

With 

I m f i g u r e  32 i s  shown a comparison of t h e  l a t e r a l  dynamic response of four  
constant-diameter  conf igu ra t ions ,  a l l  of which employed t h e  same con ica l  nose 
which has  been shown t o  be a source of aerodynamic e x c i t a t i o n .  The four  models 
a r e :  t h e  s i m p l i f i e d  constant-diameter model i n  smooth condi t ion  (without  
roughness t a p e s ) ;  t h e  constant-diameter model be fo re  t h e  i n t e g r a l  s t i f f e n e r s  
were machined o f f ;  Model A ;  and Model B which had a longer  sec t ion  of e x t e r n a l  
s t i f f e n e r s  t han  Model A ,  but  no protuberances on t h e  upper s t a g e .  The d a t a  
show t h a t  as t h e  constant-diameter  model became more c l u t t e r e d  w i t h  protuber-  
ances ,  t h e  l a te ra l  dynamic response decreased.  It i s  surmised t h a t  i n  t h i s  
case  t h e  e x t e r n a l  protuberances ac t ed  as s p o i l e r s  and f i x e d  t h e  reg ions  of 
boundary-layer s e p a r a t i o n ,  thereby  s t a b i l i z i n g  t h e  flow p a t t e r n  and reducing 
t h e  unsteady aerodynamic inpu t .  
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I n  f i g u r e  33 are shown some e f f e c t s  of changes t o  t h e  nose of Model E. 
This  model had a r e l a t i v e l y  b lun t  og iva l  nose and w a s  t e s t e d  with and without 
an i n s u l a t i n g  b l anke t .  The unblanketed nose w a s  smooth, but  t h e  b lanket  simu- 
l a t i o n  cons i s t ed  of a s e r i e s  of  concent r ic  cor ruga t ions  r ep resen t ing  a i r  duc t s  
i n  t h e  f a b r i c  b l anke t .  An e x t e r n a l  p ipe  or vent  in te rconnec ted  t h e s e  a i r  duc t s  
as shown i n  f i g u r e  6 ( f ) .  The model w a s  t e s t e d  wi th  two angular  l o c a t i o n s  of 
t h e  nose p ipe .  The l a t e r a l  dynamic response w a s  low and f l a t  f o r  t h e  smooth 
nose.  With t h e  b lanket  which e f f e c t i v e l y  roughened t h e  nose,  t h e  response w a s  
g r e a t e r ,  e s p e c i a l l y  wi th  t h e  nose p ipe  a t  1720. ( I n  t h i s  rearward p o s i t i o n  it 
i s  doubt fu l  t h a t  t h e  nose p ipe  i t s e l f  had any e f f e c t . )  This  i s  i n  accord wi th  
t h e  f ind ings  of r e fe rence  6 which showed t h a t  roughness below noses of medium 
bluntness  caused l a r g e  response.  
t h e  response w a s  reduced, poss ib ly  because t h e  p ipe  ac t ed  as a s p o i l e r  and 
s t a b i l i z e d  t h e  flow i n  t h e  v i c i n i t y  of t h e  nose.  

With t h e  nose p ipe  around t o  t h e  s i d e  a t  -98O 

Figure  34 shows t h e  v a r i a t i o n  of  Cm and C I  wi th  wind d i r e c t i o n  and w a s  
c r o s s p l o t t e d  from tes t s  of Model C i n  s e v e r a l  o r i e n t a t i o n s  f o r  a Reynolds num- 
b e r  of about 3.7 m i l l i o n .  The v a r i a t i o n  of  Cm i s  somewhat e r r a t i c  bu t  aver- 
ages out about 0 .6 .  
t h e  s i d e  with t h e  condui t  and i s  t y p i c a l  of many models. 

The s t eady- s t a t e  l a t e r a l  f o r c e  i s ,  i n  gene ra l ,  away from 

Ef fec t  of towers . -  I n  f i g u r e s  35, 36, and 37 are shown t h e  e f f e c t s  of  wind 
d i r e c t i o n  on Models B ,  D ,  and E ,  r e s p e c t i v e l y .  It w i l l  be  noted t h a t  t h e  
response of Model B w a s  r a t h e r  l a r g e  f o r  c e r t a i n  p o s i t i v e  wind d i r e c t i o n s  
( f i g .  3 5 ) ,  t h e  response of Model D w a s  r e l a t i v e l y  s m a l l  throughout t h e  e n t i r e  
range of  wind angles  ( f i g .  3 6 ) ,  while  Model E experienced l a r g e  o s c i l l a t i o n s  
a t  a l l  p o s i t i v e  angles  ( f i g .  3 7 ) .  It i s  t h u s  apparent t h a t  f a c t o r s  ( i . e . ,  nose 
shape, condu i t s ,  protuberances,  e t c . )  o t h e r  t han  t h e  presence of t h e  tower 
inf luenced  t h e  response of t h e s e  models. Only one cons i s t en t  e f f e c t  can be  
charged t o  t h e  tower i t s e l f  and t h i s  e f f e c t  i s  not  revea led  i n  t h e  f i g u r e s .  
That i s ,  f o r  wind d i r e c t i o n s  wi th  tower 1 i n  t h e  near-upstream v i c i n i t y  of  t h e  
models, r e l a t i v e l y  l a r g e  second mode o s c i l l a t i o n s  were observed a t  t h e  h ighe r  
v e l o c i t i e s .  The c r i t i c a l  wind d i r e c t i o n  i n  t h i s  r e spec t  w a s  i nva r i ab ly  -22.5O. 
It might be noted t h a t  a t  t h i s  wind d i r e c t i o n ,  t h e  tower 1 " a r m "  w a s  d i r e c t l y  
upstream of t h e  models. Except for t h i s  p a r t i c u l a r  model-tower 1 configura-  
t i o n ,  t h e  model responses  were p r imar i ly  i n  t h e  fundamental mode. Information 
regard ing  second mode c h a r a c t e r i s t i c s  w a s  i n s u f f i c i e n t  t o  provide q u a n t i t a t i v e  
r e s u l t s  , 

Figure 38 shows t h e  e f f e c t  of modi f ica t ions  t o  t h e  b a s i c  s t r u c t u r e  of  
tower 2 on t h e  dynamic response of  Model D .  The o r i g i n a l  tower model w a s  s o l i d  
on a l l  four  s i d e s ,  and when mounted d i r e c t l y  upstream induced such a v i o l e n t  
response t h a t  it w a s  impossible  t o  determine t h e  peak of  t h e  Cl,d curve.  The 
dynamic dragwise moment response w a s  unusua l ly  h igh .  Rectangular cu tou t s  i n  
t h e  upstream f a c e  and s i d e s  of t h e  tower,  e i t h e r  f u l l y  open or covered wi th  an 
expanded m e t a l  mesh as shown i n  f i g u r e  3 ( b ) , d i d  not  reduce t h e  lateral  dynamic 
response enough t o  permit t h e  peak va lues  t o  be determined, bu t  d i d  reduce t h e  
dragwise response.  Shortening t h e  tower i n  t h e  open r e c t a n g l e  conf igu ra t ion  by 
c u t t i n g  o f f  t h e  t o p  8 inches reduced t h e  l a t e ra l  dynamic response s u f f i c i e n t l y  
so t h a t  t h e  peak i n  t h e  C l  , d  curve could be  def ined .  
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Fur ther  tes ts  were made with t h e  tower i n  t h e  mesh-covered conf igura t ion  
because it w a s  be l ieved  t h a t  t h i s  degree of s o l i d i t y  most n e a r l y  represented  
t h e  a c t u a l  tower.  Various 'lfixesl '  f o r  t h e  tower i n  t h i s  conf igura t ion  were 
t r i e d  and t h e  r e s u l t s  a r e  shown i n  f i g u r e  39. Pe r fo ra t ed  and s o l i d  p l a t e s  of 
va r ious  he igh t s  and widths  were a t t ached  t o  t h e  downstream f a c e  of t h e  tower 
near  t h e  t o p .  The most e f f e c t i v e  f i x  of t h o s e  t r i e d  w a s  a s o l i d  p l a t e  2.62 D 
wide and 0.23 L long a t t ached  f l u s h  with t h e  t o p  o f  t h e  tower.  

S t  at i s t  i c  s 

I n  t h e  preceding s e c t i o n s ,  t h e  experimental  r e s u l t s  were presented  i n  a 
form intended t o  show t h e  v a r i a t i o n  of model response wi th  wind speed. It i s  
intended now t o  explore  t h e  s t a t i s t i c a l  na tu re  of t h e  d a t a  and thus  t o  ga in  
f u r t h e r  i n s i g h t  i n t o  t h e  na tu re  of t h e  observed random phenomenon. It should 
be noted t h a t  only t h e  l a t e r a l  component of t h e  dynamic response w a s  analyzed. 

E lec t ron ic  s t a t i s t i c a l  an~alyzer .  - The c h a r a c t e r i s t i c s  of t h e  hybr id  
ana log -d ig i t a l  computer used i n  t h e  s t a t i s t i c a l  a n a l y s i s  of  t h e  l a t e ra l  dynamic 
response a r e  d iscussed  i n  d e t a i l  i n  r e fe rence  9.  Se lec t ed  magnetic t a p e  
records  of  t h e  response s i g n a l  were analyzed by t h e  computer system. The com- 
p u t e r  scanned a 45-second sample from each 60-second d a t a  record  and counted 
t h e  number of peaks ( i n  t h e  r e c t i f i e d  s i g n a l )  which exceeded p rese l ec t ed  v o l t -  
age l e v e l s .  The r e s u l t s  f o r  each record  analyzed were p l o t t e d  i n  t h e  form of 
a "frequency d i s t r i b u t i o n "  def ined  as t h e  propor t ion  of t h e  t o t a l  number of 
peaks which exceeded t h e  p r e s e t  vo l t age  l e v e l s .  
ence t o  succeeding f i g u r e s )  t h a t ,  f o r  t h e  d a t a  analyzed,  one peak r ep resen t s  
approximately 0.0005 of t h e  t o t a l  number. 

It might be noted ( w i t h  r e f e r -  

For s e v e r a l  response r eco rds ,  both a computer and a manual a n a l y s i s  were 
performed. 
t h e  two records  analyzed were apparent ly  cons iderably  d i f f e r e n t  i n  s t a t i s t i c a l  
c h a r a c t e r ,  t h e  frequency d i s t r i b u t i o n s  y i e lded  by t h e  two methods agree  w e l l .  

The r e s u l t s  f o r  two samples a r e  shown i n  f i g u r e  40. Even though 

A s  used i n  t h i s  r e p o r t ,  t h e  t e r m  " p r o b a b i l i t y  d i s t r i b u t i o n "  i s  def ined  as 
t h e  p r o b a b i l i t y  t h a t  a peak w i l l  exceed an a r b i t r a r y  va lue .  Hence, t h e  proba- 
b i l i t y  d i s t r i b u t i o n  f o r  t h e  peaks of  a s i n e  wave i s  given as fo l lows:  

where 

It w i l l  be noted i n  f i g u r e  40 t h a t  t h e  s o l i d  v e r t i c a l  l i n e  a t  a va lue  of t h e  
a b s c i s s a  of 2 i s  redundant.  If ,  however, t h e  d i s t r i b u t i o n  shown i s  thought of 
as t h a t  which approaches ( i n  a l i m i t i n g  sense )  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  
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t h e  peaks of  a s i n e  wave, no d i f f i c u l t i e s  a r i s e .  I n  any c a s e ,  it i s  be l ieved  
t h a t  t h e  r e p r e s e n t a t  ion shown , while  somewhat ambiguous mathematical ly  , i s  
g r a p h i c a l l y  l u c i d .  Hence, t h a t  r e p r e s e n t a t i o n  w i l l  be employed i n  subsequent 
f i g u r e s .  

I n  o rde r  t o  maintain confidence i n  t h e  computer-analyzer, an a r b i t r a r i l y  

Since a 
chosen response record  w a s  analyzed twice  d a i l y  throughout t h e  per iod  of anal-  
y s i s .  
s l i g h t l y  d i f f e r e n t  sample of  t h e  record  was analyzed each t i m e ,  some v a r i a t i o n  
i n  r e s u l t s  w a s  a n t i c i p a t e d .  The apparent  i nc rease  i n  s c a t t e r  wi th  increased  
va lues  of t h e  a b s c i s s a  i s  a t t r i b u t a b l e  t o  t h e  semilog s c a l e  employed. I n  f a c t ,  
it may be noted t h a t  t h e  a c t u a l  s c a t t e r  decreases  wi th  inc reas ing  va lues  of t h e  
h o r i z o n t a l  coord ina te .  This  r e s u l t  v e r i f i e s  a s i m i l a r  f i nd ing  i n  r e fe rence  9.  

The r e s u l t s  f o r  s e v e r a l  such ana lyses  a r e  shown i n  f i g u r e  41 .  

Because of t h e  good agreement between t h e  computer- and manually-derived 
frequency d i s t r i b u t i o n s  and t h e  demonstrated cons is tency  of  t h e  computer , it i s  
be l ieved  t h a t  t h e  computer r e s u l t s  are r e l i a b l e .  

Analysis . -  The fol lowing d i scuss ion  i s  concerned wi th  t h e  l a t e r a l  
component of dynamic response of t h e  s i m p l i f i e d  models. The r e s u l t s  are qua l i -  
t a t i v e  i n  t h e  sense t h a t  no at tempt  has  been made t o  r e l a t e  p a r t i c u l a r  
frequency d i s t r i b u t i o n s  t o  s p e c i f i c  conf igu ra t ions .  

Rice ( r e f .  1 0 )  has  developed an expression f o r  t h e  p r o b a b i l i t y  d e n s i t y  of 
t h e  envelope of a s i g n a l  c o n s i s t i n g  of a s i n e  wave p lus  a narrow-band gaussian 
no i se  (see appendix A ) .  It i s  assumed t h a t  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  
c y c l i c  peak va lues  and t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  envelope a r e  iden t i -  
c a l .  The d i s t r i b u t i o n s  are c e r t a i n l y  i d e n t i c a l  f o r  t h e  two l i m i t i n g  c a s e s ;  
t h a t  i s ,  f o r  a s i n e  wave and f o r  a narrow-band gaussian s i g n a l  ( s e e ,  e . g . ,  
r e f .  11). The above assumption i s  used t o  compare t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
f o r  t h e  peaks of a s i n e  wave p l u s  narrow-band gaussian no i se  wi th  t h e  frequency 
d i s t r i b u t i o n s  f o r  s e v e r a l  t y p i c a l  d a t a  samples i n  f i g u r e  42. 
t a t i v e )  agreement between t h e  experimental  frequency d i s t r i b u t i o n s  and R ice ’ s  
t h e o r e t i c a l  p r o b a b i l i t y  d i s t r i b u t i o n  i n d i c a t e s  t h a t  , f o r  most ca ses ,  t h e  l a t -  
e r a l  dynamic response of t h e  s i m p l i f i e d  models can be  considered t o  be composed 
of  s i n u s o i d a l  and gauss ian  components. 

The good ( q u a l i -  

Since t h e  fundamental mode dominated t h e  model response,  t h e  equat ion of 
motion f o r  t h e  system can be w r i t t e n  as fo l lows:  

Mi + 251uMg + w2MC = E 

Some information concerning t h e  i n d i v i d u a l  t e r m s  i n  t h e  above equat ion has  been 
gained and d iscussed  i n  previous s e c t i o n s  of t h e  r e p o r t .  For example, t h e  
frequency of model response w a s  observed t o  vary only s l i g h t l y  ( lAw/ol 
during t e s t i n g ,  except f o r  t h e  r a t h e r  s p e c i a l  conf igu ra t ions  wi th  tower 2 
upstream of  a model. The damping c o e f f i c i e n t  f o r  t h e  models w a s ,  t o  some 
degree,  nonl inear  ( s e e  f i g .  9 ) .  It w i l l  be r e c a l l e d  t h a t ,  i n  s e v e r a l  i n s t ances ,  
t h e  model damping w a s  v a r i e d  f o r  a given model conf igu ra t ion .  It w a s  found 
t h a t ,  i n  g e n e r a l ,  as t h e  model damping w a s  i nc reased ,  t h e  s i n u s o i d a l  component 
of t h e  response w a s  diminished,  t h u s  i n d i c a t i n g  a dependence of  t h e  aerodynamic 
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input upon model response. Indeed, it is suggested that an aerodynamic damping 
term is operative. Hence, for the models tested, the following functional 
relations can be stated: 

where <r is the random (gaussian) component of the model response, F is the 
aerodynamic damping coefficient, and G is the motion-independent constituent 
of the aerodynamic forcing function. 

Now, it can be reasoned from observations discussed in previous sections 
of the report (see also ref. 6) that the influence of model motion on the aero- 
dynamic input force is greatest as the model response tends to sinusoidal and 
is negligible when the model response is gaussian. Although the form of the 
aerodynamic damping, F, cannot be uniquely determined from observations of 
model response, the occurrence of a random (gaussian) response with no 
influence on the aerodynamic input implies that, in this case, 

F = O  

G(t) = N(t) 

where N is a gaussian noise. It would thus seem that a reasonable expression 
for the aerodynamic input force acting on a given model for a particular wind 
speed is given by: 

. .. 
6 = F ( < , S , S ,  . . .); + N(t) 

It is interesting to note that Caughey (ref. 12) considered a specific 
form of the function F. He showed that the response (with C.1 constant) can 
be characterized as the sum of a sinusoidal (self-excited) component and a 
narrow-band gaussian component, centered at the natural frequency of the sys- 
tem. Reed (ref. 7) conducted an analog computer study with another expression 
for the aerodynamic damping which showed that the response can be either random 
or sinusoidal depending on the relative magnitudes of the structural and aero- 
dynamic damping coefficients. The analytical investigations cited above lend 
credence to the form of the aerodynamic input force deduced from the 
experimental evidence of the present investigation. 

To summarize, two aspects of the phenomenon of ground-wind induced 
oscillations of launch vehicles have been clarified in the above analysis: 
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1. The l a t e ra l  dynamic response of t h e  s i m p l i f i e d  models, f o r  most cases  
s tud ied ,  can be cha rac t e r i zed  as t h e  sum of a s i n e  wave and a narrow- 
band gauss ian  no i se  centered  a t  t h e  fundamental model frequency. 

2 .  The aerodynamic input  t o  t h e  s impl i f i ed  models, subjec ted  t o  a s teady  
wind, i s ,  i n  gene ra l ,  a motion-coupled phenomenon. The coupling 
between t h e  aerodynamic f o r c e s  and t h e  model response i s  accomplished 
through an aerodynamic damping f o r c e ,  t h e  magnitude of which depends 
upon t h e  geometry of t h e  v e h i c l e  (condui t  l o c a t i o n ,  su r f ace  roughness,  
nose shape, e t c . )  and Reynolds number. 

A modified dynamic l a t e r a l  bending-moment c o e f f i c i e n t  incorpora t ing  t h e  
above r e s u l t s  i s  developed and discussed i n  appendix B. 

SUMMARY OF RESULTS 

Tes t s  were made t o  determine t h e  e f f e c t s  of e x t e r n a l  condui ts  and ad jacent  
s t r u c t u r e s  on t h e  dynamic response of two s impl i f i ed  models of launch v e h i c l e s  
t o  s teady  ground winds. Measurements were made of t h e  dynamic and s t eady- s t a t e  
bending moments a t  t h e  base  of t h e  models f o r  Reynolds numbers up t o  5-1/2 
m i l l i o n .  Data from t e s t s  of models of s e v e r a l  s p e c i f i c  veh ic l e s  i l l u s t r a t e  t h e  
e f f e c t s  of condui t s  and nearby umbi l ica l  m a s t s  as appl ied  t o  r e a l i s t i c  config-  
u r a t i o n s .  S t a t i s t i c a l  ana lyses  were made of s e l e c t e d  v i b r a t i o n  records .  The 
r e s u l t s  presented  he re in  apply s p e c i f i c a l l y  t o  t h e s e  models and should not  be 
genera l ized  as being app l i cab le  t o  a l l  v e h i c l e s .  

The d a t a  are summarized i n  t h e  fol lowing paragraphs:  

A c i r c u l a r  condui t  on t h e  upstream s t agna t ion  l i n e  caused a l a r g e  l a t e r a l  
dynamic response over  a narrow range of v e l o c i t i e s .  
a s soc ia t ed  with t h e s e  l a r g e  responses  w a s  nea r ly  s inuso ida l  and of cons tan t  
ampli tude,  sugges t ive  of a motion-coupled phenomenon, i n  c o n t r a s t  t o  t h e  more 
usua l  random-amplitude response.  F a i r i n g  t h e  c i r c u l a r  conduit  with generous 
f i l l e t s  g r e a t l y  reduced t h e  l a t e r a l  response.  A c i r c u l a r  condui t  on e i t h e r  or 
both l a t e r a l  meridians g r e a t l y  reduced t h e  adverse e f f e c t  of a condui t  on t h e  
upstream s tagnat ion  l i n e .  For t h i s  reason ,  mu l t ip l e  conduit  arrangements were 
l e s s  l i k e l y  t o  produce a l a r g e  response than  a s i n g l e  condui t .  A l i m i t e d  
amount of evidence suggested t h a t  t h e  e x c i t a t i o n  induced by a s i n g l e  condui t  on 
t h e  upstream s t agna t ion  l i n e  occurred a t  a Reynolds number of approximately 
75,000 based on t h e  diameter of t h e  protuberance.  

The motion of t h e  model 

A condui t  l o c a t e d  135O from t h e  upstream s t agna t ion  l i n e  a l s o  produced a 
peak i n  t h e  l a t e ra l  dynamic response curve.  
de f ine  . 

These peaks proved d i f f i c u l t  t o  

L a t e r a l  s t eady- s t a t e  moments appeared i n  conjunct ion wi th  condui t s  
arranged unsymmetrically about t h e  meridian p lane .  The most e f f e c t i v e  condui t  
i n  t h i s  r e spec t  w a s  i n  t h e  v i c i n i t y  of  670 from t h e  upstream p o s i t i o n .  
d u i t s  near  t h e  upstream s t agna t ion  l i n e  w e r e  more e f f e c t i v e  than  condui t s  nea r  
t h e  r e a r .  The sense of t h e  l a t e r a l  f o r c e  w a s  away from t h e  s i d e  wi th  t h e  
dominant condui t .  

Con- 
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An investigation of the effects of adjacent towers revealed that a 
rectangular mast directly upstream of any model induced extremely large dynamic 
loads. 
the width of the wake from the mast by means of a solid plate normal to the 
wind reduced the magnitude of the response. 

Increasing the distance between the mast and the vehicle or increasing 

Data for models of specific vehicles, in general, corroborated the results 
determined from the simplified models, but the effects were less pronounced for 
the more realistic specific vehicles. 

The statistical analysis indicated that the dynamic lateral response of 
the simplified models can be characterized as the sum of a sine wave and a 
narrow-band gaussian noise. It was inferred that a damping component of the 
aerodynamic forces is responsible for the aforementioned character of the 
response. These results accent the need for models that are dynamically as 
well as geometrically scaled when investigating the dynamic response of spe- 
cific launch vehicles to a steady wind. Hence the importance of knowledge of 
full-scale structural properties, particularly damping, is clear. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., April 16, 1965 
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APPENDIX A 

PROBABILITY DISTRIBUTION OF THE ENVELOPE OF THE SUM OF A 

DISCRETE SINUSOID AND A NARROW-BAND GAUSSIAN PROCESS 

Consider the function described as follows: 

MI = (MI) + (MI), P 
where (MI) 
narrow-band (centered at w )  gaussian random process. Now, the frequency dis- 
tributions presented in this report show the proportion of the total number of 
peaks which exceeded a given value during a sample. Then, in order to compare 
the experimental response data with the function displayed above, it is neces- 
sary to determine the probability distribution of the cyclic peak values for 
that function. 

= A cos ut and (MI) P r is a sample function from a stationary 

It is convenient to define the following: 
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Rice ( r e f .  1 0 )  showed t h a t  t h e  p r o b a b i l i t y  d e n s i t y  of  5 i s  given by: 

where I, i s  t h e  modified Bessel  func t ion  of zero  o rde r .  Then, t h e  probabi l -  
i t y  t h a t  5 w i l l  be  above a given va lue  5 '  i s  given by: 

The p r o b a b i l i t y  d i s t r i b u t i o n ,  P ( n ' ) ,  may be e a s i l y  determined by making 
use  of  t h e  r e l a t i o n :  

or 

+ 1  

t hen  

hence 

where 

/ $ k 2  + 1 

The p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  c y c l i c  peak va lues  i s  not n e c e s s a r i l y  
represented  by t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  envelope. However, it might 
be noted tha t  f o r  a narrow-band gaussian s i g n a l ,  t h e s e  two d i s t r i b u t i o n s  are 
i d e n t i c a l  (e .@; . ,  see re f .  11). For t h e  case  under d i scuss ion  h e r e ,  it w i l l  be  
assumed t h a t  : 

f o r  < '  = TI'. The p r o b a b i l i t y  d i s t r i b u t i o n ,  P(<'), f o r  s e v e r a l  va lues  of  t h e  
s i n e  parameter,  k ,  i s  shown i n  f i g u r e  43. The computations f o r  each k were 
c a r r i e d  out as fo l lows:  
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(a) An a r b i t r a r y  va lue  of 5 '  w a s  chosen. 

( b )  Reference 13 w a s  used t o  determine 

( c )  The p r o b a b i l i t y ,  P(<'), w a s  t hen  computed from t h e  r e l a t i o n :  

P(E'). 

P(<') = P ( S ' )  

where 
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APPENDIX B 

DEVELOPMENT OF A MODIFIED DYNAMIC LATERAL 

BENDING-MOMENT COEFFICIENT, C; 

The c o e f f i c i e n t ,  Cl ,d ,  der ived  i n  r e fe rence  6 has  been u t i l i z e d  i n  t h i s  
r e p o r t  t o  r ep resen t  t h e  unsteady l a t e ra l  response of  t h e  models t e s t e d .  A s  
noted i n  r e fe rence  6 t h i s  c h a r a c t e r i z a t i o n ,  i n s o f a r  as it rep resen t s  t h e  aero- 
dynamic input  f o r c e s ,  i s  dependent upon several assumptions.  U t i l i z i n g  t h e  
r e s u l t s  of  t h e  above d i scuss ion  regard ing  la te ra l  response s t a t i s t i c s ,  it i s  
p o s s i b l e  t o  s u b s t i t u t e  an empiricism f o r  one of t h e  assumptions used i n  der iv-  
ing  
fo rces  which i s  more r e a l i s t i c .  

C1,d and t h u s  o b t a i n  a r e p r e s e n t a t i o n  of  t h e  random aerodynamic input  

The equat ion of motion f o r  t h e  aerodynamically exc i t ed  model i s  assumed 
t o  be of t h e  form: 

Mi + 2510Mi + w2ME = F(C,e,S, . . . ) i  + N ( t )  

where N ( t )  i s  a s m a l l  gaussian no i se  f o r c e .  It i s  presumed t h a t  t h e  l i n e a r i -  
z a t i o n  technique employed i n  r e fe rence  1 2  may be app l i ed  r ega rd le s s  of t h e  spe- 
c i f i c  form of F and, hence, t ha t  t h i s  nonl inear  d i f f e r e n t i a l  equat ion can be 
rep laced  by two approximately equiva len t  l i n e a r  d i f f e r e n t i a l  equat ions as 
fol lows : 

Mi;’ + u2M< = 0 
P P 

where 6, = a cos w t  i s  t h e  pe r iod ic  p a r t  of t h e  s o l u t i o n  and Sr i s  t h e  
randomly varying (gauss i an )  p a r t  of t h e  s o l u t i o n .  
dynamic c o e f f i c i e n t ,  C l ,d ,  given i n  r e fe rence  6 can now be dupl ica ted  t o  y i e l d  
a r ev i sed  c o e f f i c i e n t ,  c ; , ~ ,  which r e p r e s e n t s  t h a t  po r t ion  of t h e  unsteady 
aerodynamic input  f o r c e  which i s  independent of model motion. S p e c i f i c a l l y ,  
t h e  r ev i sed  form of t h e  dynamic l a t e r a l  bending-moment c o e f f i c i e n t  i s  given by: 

The development of t h e  

max N r / z  

i s  t he  maximum value  of  t h e  random component of bending- 

[(MI )rl 
- 

SAL 
c ’  - 

1 ,a 

where [(Ml)r] 

moment response recorded during a sample. It should be noted t h a t  when t h e  
s inuso ida l  component of t he  response s i g n a l ,  ( ~ 1 ) ~ ’  i s  ze ro ,  c I , ~  and c{ ,d  are 
i d e n t i c a l .  

max 

The c o e f f i c i e n t ,  C i  f o r  a given sample w a s  determined experimental ly  i n  
t h e  fol lowing manner: 
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The frequency d i s t r i b u t i o n  f o r  each sample w a s  f i t t e d  t o  a s i n e  p l u s  
random p r o b a b i l i t y  d i s t r i b u t i o n  us ing  f i g u r e  43  and one poin t  of t h e  
frequency d i s t r i b u t i o n ,  t h u s  determining an appropr i a t e  va lue  of t h e  
7 1 7  

s i n e  parameter ,  k = k(M1 Ip2/J ( M I  l r 2  . 
Since t h e  mean square of t h e  bending-moment s i g n a l ,  M i 2  , w a s  measured 
f o r  each d a t a  sample, use may be made of  t h e  r e l a t i o n  der ived  i n  
appendix A :  - 

MI = 2 k 2  1 + 1 
2 

(MI )r 

That i s  , 

The peaks 
appr ox i m a t  

occur r ing  during each 
' e l y  990; 

P 

t hen  , [yg] 
45-second sample 

- -  I - 0.001 
990 

analyzed t o t a l e d  

Since  MI)^ has  been assumed t o  be gauss ian ,  t h e  maximum va lue ,  

can be es t imated  from t h e  Rayleigh d i s t r i b u t i o n ;  t h a t  i s ,  f o r  a lax ' 
p r o b a b i l i t y  of 0.001: 

r 1 

o r  

( d )  F i n a l l y ,  t h e  r ev i sed  ( o r  modif ied)  dynamic l a t e ra l  bending-moment 
c o e f f i c i e n t  f o r  a given sample w a s  computed from t h e  r e l a t i o n :  
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The C1,d and C;,d representations for several data samples are shown in 

(The data for tower 2 
figures 44 and 45, respectively. 
scatter were computed and are indicated in each figure. 
upstream of the two-diameter model were not included in the analysis of scatter 
since the aerodynamic forces in this case were periodic rather than random.) 
For the data analyzed, the scatter is ggnificantly reduced (by a factor of 3 
to 4) through the use of the modified coefficient. 
the mathematical model for the ground-wind phenomenon, utilized in the deriva- 
tion of the modified coefficient, is more accurate than the model originally 
assumed. 

The mean and standard deviation of the data 

Hence, it is concluded that 

26 
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(a) Two-diameter model. (b) Constant-diameter model. 

Figure 1.- Sketches of the simplified models. 



A-30564 
( a )  Two-diameter model with two condui ts  on t h e  upper s t a g e .  

Figure 2 . -  Photographs of t h e  s impl i f i ed  models. 



A-30670 

(b) Constant-diameter model wi th  s taggered  t a p e s ,  two condui ts  on t h e  
upper s t a g e ,  and nearby umbi l ica l  tower.  

Figure 2 . -  Concluded. 



A-29430.2 A-29050.1 (a) Tower 1. (b) Tower 2. 

Figure 3.- Photographs of the umbilical towers. Dimensions in inches. 
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(a) Tower 1. 
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(b) Tower 2. 

Figure 4.- Geometric relationships of towers and models. 
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(a) Assembled models. 
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Figure 5 . -  Sketches of the models of specific vehicles. 
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8.0 +- 

Section through 
s t a t i o n  62, model D 

Section through 
s t a t i o n  62, model E 

Index for model 

( b )  Prominent condui t s .  

Figure 5 . -  Concluded. 
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(a) Model A. A-29431 

Figure 6.- Photographs of the models of specific vehicles. 



(b) Model B and tower  1. 

Figure 6.- Continued. 

A-29437 
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A-29435 
( c )  Model C. 

Figure 6.- Continued. 
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( d )  Model D and tower 2 .  

Figure 6. -  Continued. 

A-29442 
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A-31650 

(e) Model E and tower 1. Damping compound applied to pedes ta l .  

Figure 6.- Continued. I 
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A-30447 
(f) Model E with payload insulation blanket simulation. 

Figure 6.- Concluded. 
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Figure 7.- Samples of typical response records. 
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Figure 8.-  F i r s t  c a n t i l e v e r  mode shapes of t h e  s i m p l i f i e d  models i n  t h e  
l a t  e r a 1  p lane .  
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Figure 1 0 . -  Data f o r  t h e  b a s i c  two-diameter model; = 0.004 to 0.005; 
p = 0.011. 
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Figure 11.- Lateral dynamic response of  t h e  two-diameter model with one 
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0 . 0 6 ~ .  
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Figure 12.-  E f fec t  of f a i r i n g  conduit  on t h e  l a t e ra l  dynamic response of  t h e  
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Figure 16.-  L a t e r a l  dynamic response of t h e  two-diameter model with t h r e e  

( 5 I 'max 0.004 t o  condui ts  on t h e  upper s t a g e ;  condui ts  a t  90' i n t e r v a l s ;  
0 .005;  p 2) 0 .011;  condui t  diameter 0.06D. 

54 



12 

10 

8 

6 

2,d 
4 

C 

2 

0 0  

0 0  

0 0  
0 

I 

0 

' lagged symbols denote  
epea t  or f i l l - i n  point:: 

I 
Wind 

direction 

45 O 

1. 
I 

22.5O 

O0 
4 8 12 16 20 

v 
fD 
- 

I .. 

1 
Reynolds number 

1 44 

I 

3x106 

Figure 17.-  L a t e r a l  dynamic response of t h e  two-diameter model with four 
0.004 t o  ( 5 1 'max condui ts  on t h e  upper s t a g e ;  condui t s  a t  90° i n t e r v a l s ;  

0 .005;  p 0.011; condui t  diameter 0.06~. 

55 



-90 O 

C 

- 80 0 
~ 

-80 -100 -120 

Wind direction, deg 

(a) One and two conduits. 

-90 o 

Figure 18.- Steady-state lateral moment coefficients for the two-diameter 
model with conduits on the upper stage; conduit diameter 0 . 0 6 ~ .  



0.6 

.4 

cz .2 

0 

- .2 

I I H U  

90 

1 60 80 100 120 

Wind d i r e c t i o n ,  deg 

(b) Three and four conduits. 

- 

P 

I 

1 

Figure 18.- Concluded. 

57 



0.8 

.6 

.4 

.2 

n o  

A 0  

A 0  

0 0  

0 0  O E E  0 .4 
.8 

I I I I  I I I I  -+vvP-- 
I I I I  
1- "I1 T I  

-4d-k-P 
H I I  

I I I I  
c-kbkP- 
-7- '+ TI 

1.2 1.6 2.0 

I 
_1, i I  
4 I 

I I 'I: 
I 

+b 
1 I I 
1 
2.4 

Reynolds number 

2.8 

A 

0 

f3 

- .  
3.2 

Figure 19.- Steady-state dragwise moment coefficients for the two-diameter 
model with conduits on the upper stage; conduit diameter 0.06~. 



34 

32 

30 

28 

26 

24 

22 

20 

18 

16 
%,a 

14 

12 

10 

8 

6 

4 

2 

0 0  

0 0  

O O O  

1 
S 

, m e  
tc i  

8 

. 

I 

12 

I 
1 

16 

ice nom 

inii -- 

1 

20 24 28 
V 
fD 
- 

icing 

32 36 44 48 

_I I 

2 3 x 1 0 ~  
Reynolds number 

( a )  Basic tower.  
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